Introduction
Lean manufacturing (LM) involves all practices, activities, tools, methods and techniques intended to reduce and even eliminate waste within organizations. Just in Time, Quality Management, Continuous Improvement, Single Minute Exchange of Die, Total Productive Maintenance, Kaizen and many other practices and methods are typically identified with LM.
Researchers have focused much effort on how best to derive maximum benefits from LM, and so lean metrics have been established as the primary means of tracking the success and implementation of LM. As there are practices, so also are lean metrics and there is an abundance of both. Using one or a set of lean metrics needs to be weighed against using another set. In addition, LM is a philosophy and not concrete objects [1] , so by nature its performance assessment needs to be qualitative. But quantitative lean metrics are also used to track LM performance, and this creates another dilemma between choosing either qualitative or quantitative lean metrics to track lean performance. Qualitative lean metrics are the lean performance indicators that are measured using natural everyday language or expressions. For example scoring the performance of Management Commitment to lean initiatives or the prevalence of Standard Operating Procedures cannot be precisely quantified; rather they are rated with phrases like "very high" or "average". On the other hand, quantitative lean metrics in their original form are measured with numbers. For example defect rate can be measured precisely to the nearest percentage, say 10%. Also average set-up time in a plant can be computed to the nearest minute, for example 12 minutes.
Lean assessment frameworks are used to develop an overall performance map in order to identify areas of improvement and track the overall success and implementation of LM. The frameworks being referred to in this article are those that are used to assess multiple aspects of lean. Frameworks like the European Foundation for Quality Management (EFQM) are excluded from this list as they focus on specific lean aspects (quality in this case), even though they are used in lean assessment. Table 1 comprises various qualitative and quantitative based lean assessments that have been extracted from a background investigation. A literature search for hybrids, i.e. lean assessment frameworks that are simultaneously qualitative and quantitative, showed a void.
A lean assessment framework that has both qualitative and quantitative expressions is the lean index (LI). Benchmarking has this merit, but the LI also has benchmarking capabilities [2, 3] . The LI for lean performance assessment is a weighted summation of the lean metrics that define performance of various variables representing lean practices within the system. These lean metrics are either qualitative or quantitative types as described earlier and determine if the LI is qualitative or quantitative based. The LI is as comprehensive as the lean metrics used in deriving it [4] . Using more lean metrics within the LI model improves the comprehensiveness of the final LI [4] . Table 1 . Various frameworks that have been used for qualitative and quantitative lean assessments.
Qualitative frameworks

Quantitative frameworks Model
Lean self-assessment tool (LESAT) [5] , Qualitative lean index [6] [7] [8] [9] [10] [11] [12] [13] 
Strengths
Lean metrics are easy to develop, apply and analyse. Qualitative lean metrics can be generated for most lean aspects and this improves the scope of the assessment. The use of every-day linguistic terms such as "high" of "low" to rate performance makes them easy to administer.
Allows lean performance to be mapped and tracked objectively and more regularly. The lean metrics can be statistically analysed. Quantitative lean assessments enable modelling analysis such as simulation.
Weaknesses Self-assessment ratings are open to bias. Qualitative lean metrics cannot be analysed statistically. They do not enable routine example daily, assessments. Linguistic characterizations, which are less specific than numerical ones [16] . It is also less precise and therefore less informative [16] .
Quantitative data are not always easy to collect. Not all lean aspects can be measured with quantitative lean metrics so this limits the scope of the assessment
The LI like other lean assessment frameworks is either qualitative or quantitative; considering the strengths and weaknesses identified in Table 1 , it shows that it is better to have hybrid lean assessment frameworks so that the limitations of either are cancelled out. One possible way of achieving a hybrid is to quantify qualitative lean metrics.
There are various methods commonly used to quantify qualitative lean metrics, but these have not been appraised in the extant literature on lean assessment. A study to highlight the various methods, their strengths and limitations and their typical applications is required. The benefit of such a study will bridge the divide between qualitative and quantitative lean metrics, so that both can be converged seamlessly into a single lean assessment framework when the need arises. Accordingly this article is structured as follows: section two reviews the lean assessment efficacy of qualitative and quantitative LI frameworks to justify the need for the present work; section three describes and critiques existing methods of quantifying qualitative lean metrics; in section four the methods are applied to a print packaging manufacturing case; while section five discusses the academic and industrial implications of the study.
Nomenclature
AHP
analytical hierarchy process ANP analytical network process DEA data envelopment analysis FA factor analysis FL fuzzy logic JIT just in time KPI key performance indicator LAT lean assessment tool LESAT lean enterprise self-assessment tool LI lean index LM lean manufacturing QM quality management SMED single minute exchange of die SOP standard operating procedure WIP works in process
Literature review: lean index for lean performance assessment
For clarity sake, the LI for lean performance assessment is synonymous with the models, methods and frameworks to consolidate multiple lean metrics into one holistic measure or score for lean. When expressed in percentage terms, the LI identifies the gap between current state and the ideal lean target. It shows how aligned the organizational behavior is towards sustaining lean transformation [11] . It allows lean assessment to align with company objectives [3, 19] and competitive strategies [2] . Since the LI is an amalgamation of the lean performances for various aspects of lean, the methods used in computing the LI highlight weak and strong areas of lean [6] [7] [8] . For example low scores represent lean practices that have not yet been implemented or have been implemented sparingly, while high scores represent successes with the lean practice. It has been used to show the variables that contribute the least or the most to organizational leanness [3] . All these benefits render the LI useful in lean assessment frameworks.
Qualitative lean index
The qualitative based LI relies solely on qualitative lean metrics, and the basic form is the lean self-assessment tool or questionnaire. In the approach, experts who are familiar with lean in the organization rate the performance of different aspects of lean within the organization. A Likert type scale or linguistic expressions are the established means for rating purposes. A linguistic variable, as the name suggests, is a variable whose value is expressed in words or phrases using natural language [16] . For example Taj et al [9] measured how easy it was to shift output when the product mix changes; they measured this on a scale of zero to four using the linguistic terms-"Very difficult", "Moderately difficult" and "Easy". In this case the qualitative lean metric is process flexibility. Zanjirchi et al. [10] measured the performance rating of the prevalence of pull production; they used the linguistic variables-"Worst", "Very poor", "Poor", "Fair", "Good", "Very good" and "Excellent".
Within the assessments using qualitative based LI, the inclusion of qualitative lean metrics is varied. As many as thirty lean metrics representing five aspects of lean have been included in the lean assessment [6] [7] [8] 16] , and as much as forty were used to assess nine areas of lean [9] , see Table 2 . This is evidence that the qualitative based LI has been used to cover a wide scope of lean aspects within a single assessment. The benefits and limitations of using qualitative lean assessment frameworks have been highlighted in Table 1 , and these extend to the qualitative based LI. However there are some benefits that are worthy of mention. The use of multiple responses from various experts who know about lean in the organization helps to minimize the drawbacks of subjective responses [7, 8, 11] . The performance rating assigned by each individual is weighed, aggregated and finally averaged to improve confidence in the LI [7, 8, 10, 11] . The use of modeling algorithms such as FL and ANN helps to improve the preciseness of the LI.
Another benefit is that the final qualitative LI is a quantifiable number which can be mapped for Visual Management and tracking of lean performance. Taj et al [9] used a radar and bar chart to represent lean performances. Although the final output of the qualitative based LI is a number, the fact remains that the performance values for the lean metrics were obtained subjectively.
Quantitative lean index
Aside from incorporating quantitative lean metrics, the basic form of the quantitative LI is mathematical modeling [see 2,3,19-21]. Table 3 . Non-generic and specific lean metrics have also been formulated and included in the analysis such as total transportation cost as a ratio of total annual sales [20] and number of parts transported as a ratio of total sales [21] .
T h e n u m b e r o f l e a n m e t r i c s i n c l u d e d i n t h e quantitative LI is disparate; on the average, few are used ( Table 3 ). It is essential to choose few and an efficient number of lean metrics that best evaluate lean for the system [1, 19, 20] , but by using few lean metrics other important areas are left out of the analysis. Pakdil and Leonard [21] have used many quantitative lean metrics in their analysis of multiple aspects of LM. However, their quantitative lean metrics are limited to aspects of LM performance that can be quantified, excluding other areas like Training, Management Commitment and Visual Management.
Like their qualitative counterparts, the quantitative LI exhibit generic strengths and limitations of quantitative lean assessment frameworks already identified in Table 1 . However the quantitative based LI offer some uniqueness that is remarkable. The quantitative LI can be used as a benchmarking lean metric for a specific industry and also as a benchmarking tool for internal organizational operations by indicating which organizations or operations are leaner than others [3] . The mathematical modeling foundation of the quantitative LI is a bonus, as it enables simulation. Ray et al. Table 5 . Referenced literature on bespoke quantitative lean metrics defined for qualitative variables.
Ref.
No.
Lean aspect
Bespoke lean metric [21] . QM Percentage of inspection carried out by autonomous defect control devices. Total number of people dedicated primarily to quality control ÷ total employees. [24] . Elimination of waste JIT Percentage of common parts in company products. Number of times and distance parts are transported. [25] . Visual factoryindustrial housekeeping.
Multi-function employees
Percentage of the plant where there are lines on the floor to distinguish work areas, corridors, etc.
Percentage of production operatives that have received structured training for the different work positions.
Surrogate lean metrics
Eliminating subjectivity that comes with using the FL approach may be essential in an assessment, and at the same time bespoke metrics may not be easily defined for a qualitative lean performance variable. The third option, using a surrogate metric, would be appropriate and this is common in LM performance measurement systems [1] .
A surrogate acts as proxy to the actual lean performance variable. Table 6 includes some examples found in the extant literature. By using surrogate lean metrics, the lean assessment enables everything to be measured thereby increasing confidence in the outputs from the assessment. However surrogates are not direct measures; a convincing argument for using it will need to be communicated. It is also common to use data that is obtained from year-end financial reports, but such data are significantly historical and hardly mirror current performance.
Application of methods in print packaging manufacturing case study
The selected case is a flexible print packaging manufacturer. The company has set out to apply the LI framework in its manufacturing plant, and requires one lean assessment framework that is all encompassing of both qualitative and quantitative aspects of lean. LM performance is to be tracked using daily lean performance data. Table 7 comprises the list of lean aspects and the quantitative lean metrics defined for each of them. A mixture of generic (commonly used), bespoke and surrogate lean metrics have been defined for each one and standardized to minimize bias due to scale. The values in column 3 of Table 7 are the actual recorded performances for each lean aspect for one production shift. For the scope of the present article only one lean metric has been defined for each lean aspect although multiple ones may be defined. 
Discussion and conclusion
The quantified values in column 3 of Table 7 are of greater significance when assessed in relation to reference target (ideal case) and baseline (minimum allowable) lean performances for each lean metric. For example if a baseline of 50% is set for Workforce Commitment, then the actual performance of 64% is an indication that the lean aspect has achieved only 28% of a target value of 100%. The plant needs to improve the commitment of its shop floor workers to lean practices by as much as 72%. Other lean aspects can be assessed in a similar manner. A common practice is to assign subjective performance ratings (through Likert scales or linguistic terms) to the qualitative lean aspects [for example 8, 9] . The quantified qualitative lean metrics eliminates subjectivity in the lean assessment for the plant and enables the quantification of improvement efforts. Manufacturing leanness measurement is a multi-criteria decision making problem [7] and requires the use of multiple lean metrics [1, 2] . In short no single measure can be used to indicate the leanness level of the system. The values in column 3 of Table 7 become the lean metrics (inputs) for a LI model, enabling the LI to simultaneously assess both the qualitative and quantitative lean aspects for the manufacturing case. The LI output becomes a more comprehensive and less subjective leanness measure than when using either qualitative or quantitative lean metrics alone. Any of the LI models identified in Table 3 become candidates for a hybrid (jointly qualitative and quantitative) lean assessment framework: the computation of the leanness level of the system using a LI model is beyond the scope of this article.
The academic implications of this study point towards the development of hybrid lean assessment frameworks. These hybrids will overcome the weaknesses of each type (qualitative and quantitative) and take advantage of their individual strengths. The Strategos LAT applies both qualitative and quantitative lean metrics, but the former are assessed subjectively with both linguistic terms and Likerttype scales [9] . By using the approaches described for this article, the subjective responses obtained using the Strategos LAT, LESAT and other qualitative lean assessments, can be verified objectively, strengthening the confidence in the information from the assessment.
